The magnetic properties of various families of nanocomposite materials containing nanoparticles of transition metals or transition-metal compounds are reviewed here. The investigated magnetic nanocomposites include materials produced either by dissolving a ferrofluid containing pre-formed nanoparticles of desired composition and size in a fluid resin submitted to subsequent curing treatment, or by generating the nanoparticles during the very synthesis of the embedding matrix. Two typical examples of these production methods are polymer nanocomposites and ceramic nanocomposites. The resulting magnetic properties turn out to be markedly different in these two classes of nanomaterials. The control of nanoparticle size, distribution, and aggregation degree is easier in polymer nanocomposites, where the interparticle interactions can either be minimized or exploited to create magnetic mesostructures characterized by anisotropic magnetic properties; the ensuing applications of polymer nanocomposites as sensors and in devices for Information and Communication Technologies (ICT) are highlighted. On the other hand, ceramic nanocomposites obtained from transition-metal loaded zeolite precursors exhibit a remarkably complex magnetic behavior originating from the simultaneous presence of zerovalent transition-metal nanoparticles and transition-metal ions dissolved in the matrix; the applications of these nanocomposites in biomedicine and for pollutant remediation are briefly discussed.
Introduction
Nanocomposite (NC) materials have been the subject of exhaustive study for more than three decades. The interest towards inhomogeneous systems containing a nanoparticle (NP) phase has arisen-and is still high-because of their present and prospective functional applications. These are basically related to the high surface-to-volume ratio and the high total interfacial area of the embedded NPs; moreover, their many size-dependent functional properties can enrich the hosting materials with interesting multifunctionalities [1] .
Magnetic NPs are among the most popular functional nanofillers [2, 3] . The magnetic properties of the resulting NCs are affected and sometimes limited by many factors, such as the degree of dispersion/aggregation of NPs, the strength of interparticle interactions, and the effect of surface on NP magnetism [4, 5] . Some aspects are still unclear, such as the extent to which the interface between magnetic NPs and a given matrix influences their properties [6, 7] .
Although the basic principles of nanomagnetism have been long since established [8] , a general predictive picture of the magnetic properties of a given NC, or a family of NCs, is still lacking. This is because a number of ill-known parameters hinder the knowledge of the physical processes at the nanoscale and affect the interpretation of the measured magnetic properties. On the other hand, in view of the applicability of magnetic NCs, the need for easy, cheap, and eco-sustainable preparation and processing is a central issue; another challenge concerns the stability in time and the disposal at the end of life (EOL) of these materials [9, 10] .
Often, the differences in magnetic behavior found in different magnetic NCs are ascribed to contrasting morphologic features, such as nature of the particle size distribution (e.g., monodisperse vs. polydisperse particles) and degree of particle coupling (e.g., independent vs. interacting particles, or isolated vs. aggregated particles).
However, remarkable differences among final products may be directly related to the nature and features of the preparation procedure. In this respect, two main strategies can be envisaged: in one case, the magnetic NPs are first prepared as a nanopowder by means of a suitable chemical route, and subsequently dissolved by mixing/stirring in an initially fluid host, which finally becomes a solid through an appropriate process (a typical example being polymer NCs obtained by suitably curing a fluid resin loaded with a dispersion of magnetic NPs) [11] [12] [13] ; alternatively, the magnetic particles and the solid host matrix can be simultaneously obtained (a typical example being ceramic NCs obtained by thermal treatment of a transition metal-loaded zeolite precursor) [14] .
In this review, a number of magnetic NCs prepared according to both strategies will be discussed, mostly focusing on the resulting magnetic properties; these will be shown to critically depend on the type of host matrix and on the preparation technique, indicating that a general theory of magnetism in NC materials can hardly be put forward; on the contrary, each magnetic NC system needs its own detailed characterization able to provide a specifically tailored picture, or model, inherently based on both magnetic and morphologic data.
A Survey of Magnetic Measurements and Typical Magnetic Parameters of Nanocomposite Systems

Magnetic Measurements in Nanocomposite Materials
Typical magnetic nanocomposites of relevance for applications exhibit magnetization values ranging between 1 and 10 emu/g and coercive fields ranging from about zero to some hundreds of Oe. The low magnetization values are explained considering that the nanoparticulate magnetic fraction is typically much smaller than the diamagnetic host fraction. The above reported values imply that small or thin samples (exhibiting, for example, magnetic moments of much less than 10 −2 emu) must be measured using high-sensitivity magnetometers; in this case, extraction methods are not advisable, whereas vibrating sample magnetometers (maximum sensitivity around 10 −6 emu (10 −9 Am 2 )) or Superconducting Quantum Interference Device (SQUID) magnetometers (maximum sensitivity around 10 −8 emu (10 −11 Am 2 )) offer the best performances and provide results virtually free from experimental uncertainties. Static magnetic measurements give information on the behavior of major hysteresis loops as functions of temperature (whence typical hysteretic parameters such as coercive field and magnetic remanence are easily obtained) and on magnetic susceptibility (both initial and maximum). A central role in static magnetic measurements is played by field-cooled (FC) and zero-field-cooled (ZFC) magnetization curves because of the information content about nanoparticle size, size distribution, effective anisotropy, and interactions that can be attained by careful analysis of the shape of these curves [15] . The FC/ZFC protocol involves, in principle, measuring the initial susceptibility or the low-field magnetization of a sample after demagnetization at a temperature higher than the blocking temperature (where all particle moments are randomly oriented), and subsequent cooling without applied field down to the lowest temperature (typically, a few K); a small field is then Appl. Sci. 2019, 9, 212 3 of 28 applied to measure the sample's response during the temperature rise up to the starting temperature. The complementary FC curve is obtained by repeating the same process after cooling the sample under a small applied field.
FC/ZFC curves are particularly interesting because it is easy to estimate useful magnetic properties (e.g., the blocking temperature, the effective anisotropy, and-to a lesser extent-the strength of interaction between particles) of a nanoparticle system just by looking at the graphs of temperature dependence of low-field magnetization. In ZFC conditions at low temperature, the magnetization of each particle is aligned along a direction that minimizes the total energy given the anisotropy and the applied field. As the temperature increases, thermal fluctuations allow the magnetization to rotate towards the applied field direction, thus resulting in an increase of the net magnetization up to a maximum value reached at temperature T max . As the temperature is further increased, thermal agitation starts to compete with the aligning effect of the applied field; as a consequence, the net magnetization starts reducing. The competition between the aligning field and the disordering effects of temperature determines, on the time scale of experiment, the blocking temperature T B , which is closely related to T max (and often taken equal to T max ). In the FC condition, the magnetic moments are again blocked at a low temperature, but now they are no longer randomly oriented in space, being partially aligned along the field direction. As in the case of the ZFC curve, the magnetization decreases as a result of thermal activation. The FC and the ZFC curves merge at the irreversibility temperature T irr , that is, when all the magnetic moments have become unblocked. Above T irr , the superparamagnetic regime is achieved (see Section 2.2) and the two merged curves reach the temperature at which the experiment has begun.
Knowing T B ≈ T max , it is possible to get the average NP size if the effective anisotropy K eff (see Section 2.2) is known or estimated; or, it is possible to evaluate K eff knowing the average NP size (e.g., from Transmission Electron Microscopy (TEM) image analysis). Often, many assumptions are made to simplify the calculations, such as considering the particles as perfect spheres or neglecting the effects of magnetic (dipolar or exchange) interactions, as well as assuming that magnetic anisotropy is the same for the whole set of nanoparticles.
Although static magnetic measurements play the most prominent role in the literature on magnetic nanocomposites and will be discussed in detail in the subsequent sections, some valuable information can be extracted by implementing specific time-or frequency-resolved measurements. Time relaxation experiments may be useful to study relaxation dynamics of a system of nanoparticles at different temperatures [15] . AC susceptibility measurements done as functions of the exciting field frequency allow one to get information about the dynamic aspects of nanoparticle moment ordering; the dependence of the imaginary part of the AC susceptibility permits determining nanoparticle volume distributions, as well as to study magnetic interaction effects and the state of aggregation of nanoparticles [16] .
Typical Magnetic Parameters and Quantities in Nanoparticle Systems
(i) Magnetic anisotropy: crystal. In real ferromagnetic materials, the experimental evidence typically indicates a directional dependence of the magnetic response on an applied field. This phenomenon, corresponding to a directional preference for the magnetization vector, is known as the magnetic anisotropy. Magnetic materials display various types of anisotropies, the most important being crystal anisotropy. This anisotropy, determined by crystal structure and having an entirely intrinsic nature, results in a variation of the magnetic properties of the material with respect to a specific crystallographic orientation. The crystallographic axes along which the magnetization is oriented are called easy axes and a state of minimum energy exists when the magnetization vector lies along one of the preferred orientations. If, by application of a magnetic field, the magnetization vector is turned away from this position, work must be done against the anisotropy forces that tend to hold the vector aligned to the easy direction. Crystal anisotropy plays an important role in single crystals and in magnetic NPs, which are typically characterized by a well-defined crystal structure (at least in their core).
(ii) Magnetic anisotropy: shape. If a ferromagnetic sample is not perfectly spherical, then one or more specific directions become easy magnetization axes solely because of the sample shape. This phenomenon, related to magnetostatic energy, is known as shape anisotropy. In an ellipsoidal sample, the demagnetizing field is stronger along a short axis than along a long axis. Therefore, an external field applied along the short axis has to be stronger to produce the same true field inside the specimen than if applied along the long axis. Therefore, shape alone can be a source of magnetic anisotropy. Shape anisotropy plays a central role in magnetic NPs, where it can be comparable in strength to crystal anisotropy. In granular systems, shape anisotropy plays a role both at the level of single NPs (if the particles are not perfectly spherical) or in the presence of strong NP aggregation, when the aggregates take an elongated/ellipsoidal shape in the sample.
Often, in NP systems including nanocomposites, a central role is played by the so-called effective anisotropy K eff , which encompasses crystal, shape, and surface anisotropy in a single parameter. Surface anisotropy is an additional term, negligible in macroscopic ferromagnetic bodies, which emerges because of the break of lattice periodicity at and around the NP surface. Typically, FC/ZFC curves (see Section 2.1) give information about K eff .
(iii) DC magnetic parameters. Isothermal magnetization loops are the typical outcome of dc magnetic measurements (see Section 2.1). Here, the important parameters of the hysteresis loop are briefly highlighted. If a previously demagnetized ferromagnetic body is submitted to a very strong magnetic field along one direction, it will eventually reach the positive magnetic saturation M s under sufficiently large fields. This corresponds to having all magnetic moments oriented along the field direction. If the field is removed, the material in general will no longer reach the point (0,0) in the H,M plane. Instead, it will reach a point (0,M R ) on the vertical axis, with M R being the magnetization that "remains" in the material (positive remanent magnetization or magnetic remanence). In order to reach the condition M = 0, a magnetic field must be applied in the opposite (negative) direction. The point (−H C , 0) on the horizontal axis represents the negative coercive field or coercivity of the material. If the negative H is further increased in magnitude, the negative magnetic saturation is eventually reached. If H is first brought to zero and then increased again in the positive region, the material will pass through the negative remanence and the positive coercive field, finally reaching the positive saturation state. In a symmetric loop, the two values of saturation magnetization, remanence, and coercive field are equal in magnitude and opposite in sign. Under an alternating magnetic field, the magnetization will cyclically change, describing a closed loop. The demagnetized state (0,0) is not easily accessed; it can be obtained by submitting the sample to a cyclic magnetizing field of slowly decreasing amplitude. It should be remarked that magnetic hysteresis stems from irreversible magnetization processes leading to a loss of energy, which is measured by the loop area. The magnetic susceptibility χ provides a measure of the magnetic response of a ferromagnetic or a paramagnetic material. In the former case, one can consider either the initial susceptibility χ 0 (measured on the first magnetization curve close to H = 0) and the maximum susceptibility on the loop χ max (which corresponds to the maximum loop slope). In paramagnetic materials, χ 0 is measured to get information about the number of magnetic ions per unit volume and/or the magnetic moment per ion.
In granular systems, hysteresis loops appear only when the NPs are in the blocked state (i.e., when the measurement temperature is below the blocking temperature T B , see Section 2.1). Above the blocking temperature, NPs are in the so-called superparamagnetic regime, which is characterized by complete reversibility of the magnetization process.
(iv) Superparamagnetic state. When the size of a particle composed of magnetic atoms is small enough, the energy necessary to divide itself into magnetic domains (as in macroscopic ferromagnetic bodies) is higher than the energy needed to remain in a state of uniform magnetization; therefore, the particle hosts just one magnetic domain (single-domain particle). The magnetic properties of an assembly of single-domain particles are usually studied within the framework of the superparamagnetic theory. The first assumption of this theory is to consider that all the magnetic moments of the particle rotate coherently, so that the net magnetic moment can be represented by a single classical vector, with magnitude corresponding to the sum over all aligned atomic moments. Usually, the particle's effective anisotropy K eff is assumed to take the simplest form (i.e., a uniaxial anisotropy with a single easy axis and two equivalent ("up" and "down") directions); this leads to an energy barrier to the magnetization vector, which is proportional to K eff V, where V is the NP volume. The switch of the NP magnetization between the two antiparallel directions on the same easy axis can be described by an Arrhenius-type law with time constant τ = τ 0 e K e f f V k B T , where k B is the Boltzmann constant and τ
is the jump attempt frequency of the magnetization between the opposite directions of the easy axis. In NP systems, the observed magnetic behavior strongly depends on the value of the characteristic measuring time t M with respect to the intrinsic system relaxation time. If t M >> τ, the magnetization jumps at a very high rate during a single measurement, allowing the system to be viewed as being at thermodinamical equilibrium. The NPs are then in the superparamagnetic regime. In this case, the magnetization process displays no irreversibility; the coercivity of the system is equal to zero and the M(H) curve takes a smooth form similar to the response of a classical paramagnetic system (Langevin function). On the contrary, if t M << τ, the magnetization jumps exceedingly slowly, and one can observe quasi-static properties as in an ordered, macroscopic magnetic system. Such NPs are said to be in the blocked regime. In this case, a hysteresis loop is measured. The temperature that divides both regimes is called the blocking temperature T B (see Section 2.1). The superparamagnetic theory is based on many (over-)simplifying assumptions. For instance, even well-dispered, not touching magnetic NPs in a nanocomposite interact via a non-contact interaction (the magnetic dipolar interaction), a fact that is not taken into account by the standard superparamagnetic model. When the strength of the dipolar interaction is small but non negligible, the interacting superparamagnetic (ISP) model explains very well the measured anomalies in the magnetic response with respect to the predictions of the simple superparamagnetic theory [17] .
(v) Verwey transition temperature. Magnetite NPs are one of the most popular fillers in magnetic nanocomposites. Bulk magnetite is characterized by a low-temperature phase transition occurring near T V = 125 K, associated with changes in magnetic, electrical, and thermal properties. Upon warming, through the Verwey transition temperature, the magnetite crystal lattice changes from a monoclinic structure to the cubic inverse spinel structure that persists at room temperature. Although the most important changes between T < T V and T > T V are associated with the material's electrical properties, the change in structure entails a change in crystal anisotropy with measurable consequences on the shape of hysteresis loops. The presence and relevance of the magnetic Verwey transition in magnetite NPs is still debated (see Section 3.1).
Polymer Nanocomposites
Magnetic NPs dispersed within polymer matrices can be exploited for a number of applications, thanks to the interesting properties that result from the combination of inorganic components and polymers. These NCs exhibit interesting magnetic [11, [18] [19] [20] properties for use in micro-and nanoelectronics. On the other hand, significant contributions to fundamental studies in nanoscale physics have been made by studying these materials, including quantum tunneling of magnetization, spin-reversal mechanism in single-domain particles, and quantum size effects [21] [22] [23] .
Polymer NCs can be prepared by curing of a ferrofluid obtained by mixing a dispersion of magnetic NPs in a resin, which is polymerized by thermal or ultraviolet-light treatment, forming a solid film. Magnetite is a cheap material with a lower degree of toxicity when compared with other metallic ferromagnets, and it can be easily synthesized through a variety of low-cost techniques, such as the thermochemical route and the non-hydrolytic sol-gel process [24, 25] . Thermal/UV curing are also cheap techniques (in particular, UV curing is presently appealing for use with coatings) [26] . In this process, UV light induces the polymer formation, allowing one to obtain a fast transformation of the liquid monomer into the solid film with tailored physico-chemical and mechanical properties. It is an environmental friendly technique because it is a solvent free process. The substrate does not need to be heated as in the traditional thermal curing, therefore it guarantees energy saving. The magnetic response of a polymer NC is strongly affected by the properties of the embedded NPs (density in the matrix, size distribution degree of dispersion, aggregation) [26] .
Data analysis is much easier in magnetic nanocomposites containing particles uniform in size. Such a condition would be beneficial to many practical applications of NP systems too. However, the existing preparation techniques are not able to produce strictly monodisperse nanoparticle systems; as a consequence, real particle systems are characterized by a particle size distribution p(D), which is typically estimated by measuring the particle size D from TEM images of different parts of the material; the p(D) distribution in granular systems often follows either a gaussian or a log-normal distribution function. For each particle size distribution, there is a corresponding distribution of particle volumes p(V), leading to a range of particle moments and of blocking temperatures (both quantities being proportional to volume V). The latter effect may bring about a difficulty in interpreting experimental data because superparamagnetic and blocked particles may be simultaneously present in the same material at a given temperature.
Typical values of static magnetic quantities measured in polymer nanocomposites are reported in Table 1 (top). It should be noted that in polymer nanocomposites, particle aggregation effects are particularly apparent only in the case of low magnetite content; in fact, a better dispersion of magnetite nanoparticles is typically observed in materials with a higher filler content. Such counterintuitive behavior has been explained by invoking the formation of a particle surface with a relatively low surface energy and with better compatibility with the surrounding matrix. As a matter of fact, the magnetite content of a nanocomposite is typically increased by synthesizing the nanoparticles with an increasingly higher precursor concentration, keeping constant the amount of reactive solvent. The higher amount of precursor results in a change of the reaction rate and in the variation of nanoparticle growth, in turn affecting particle size, shape, and surface. In particular, the increased amount of precursor produces a higher quantity of carboxylate species bound to the nanoparticle surface [13] , resulting in a comparatively lower surface energy and a better compatibility with the surrounding polymer matrix. In fact, this trend is common to the majority of the analyzed systems, regardless of the reactive solvent used. Instead, thermal or UV curing play a minor role on the quality of the particle dispersion.
Polymer Nanocomposites Containing Weakly Interacting Magnetic Nanoparticles
An example of polymer NC containing a homogeneous distribution of almost monodisperse magnetite NPs (Figure 1, top left) is shown in Figure 1 (top center). The NPs have sizes distributed according to a Gaussian curve around a mean value of 5.6 nm with a root mean square (r.m.s.) value of 0.1 nm [27] .
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An example of polymer NC containing a homogeneous distribution of almost monodisperse magnetite NPs (Figure 1 , top left) is shown in Figure 1 (top center). The NPs have sizes distributed according to a Gaussian curve around a mean value of 5.6 nm with a root mean square (r.m.s.) value of 0.1 nm [27] . Figure 1 (bottom left). A broad maximum of the ZFC curve is observed for bare Fe 3 O 4 NPs around 60 K; above which the FC and ZFC curves closely approached each other, actually merging above about 250 K. The features would be compatible with a large average size and a broad size distribution for these NPs, which is in contrast with the evidence from TEM images [11] . On the other hand, the shape of the curves taken on the NC is notably different; the ZFC curve maximum shifts down to about 20 K and both curves become remarkably steeper. In the NC, the merging of FC and ZFC curves immediately follows the maximum of the ZFC Appl. Sci. 2019, 9, 212 8 of 28 curve. The difference between nanopowder and NC is clearly related to a different aggregation state of magnetic NPs: the powder is clearly characterized by a high degree of interactions (either dipolar or contact); on the other hand, in the NC, the degree of aggregation of bare NPs has been significantly reduced by polymer mixing and stirring; this is confirmed by the TEM image ( Figure 1 , top center), which shows a uniform distribution of well-separated particles.
It should be remarked that this material does not show any trace of the Verwey transition. As a matter of fact, this transition is a rather elusive effect in systems of magnetite nanoparticles: for instance, the recent literature indicates a strong reduction [28] [29] [30] [31] or even a complete disappearance [32, 33] of the Verwey transition temperature T V in small particles. Moreover, the particle shape plays an important role in the Verwey transition, at least in ultrasmall nanoparticles [34] . As recently pointed out [35] , the most important role in determining the existence of the Verwey transition is, however, played by the quality (both structural and chemical) of magnetite particles; in fact, the observation of T V in nanometer-sized magnetite has recently been proven to be directly connected to the high quality of the sample [36] . In the present case, the particles are so small that the intrinsic defectiveness related to the high surface-to-volume ratio is effective in suppressing the transition.
An example of the hysteresis properties of the magnetic NC is shown in Figure 1 (bottom right), where the coercive field (H c ) is reported as a function of temperature (blue symbols). Apparently, the hysteresis disappears at T = 30 K, indicating that all bare magnetite NPs have become magnetically unblocked there, that is, have reached the thermal equilibrium state, in good agreement with the position of the maximum of the corresponding ZFC curve ( Figure 1 , bottom left).
In this material, as well as in almost all systems containing magnetite nanoparticles, the particle magnetization appears to be considerably reduced with respect to the bulk value (in this case, a value around 60 emu/g is measured at room temperature (see Table 1 ), compared with 92 emu/g of bulk magnetite). This fact has been explained by invoking the presence of a magnetically dead layer at the particle surface [37] ; the thickness of such a layer is of the order of 0.5-1 nm. The term "dead layer" means a magnetically disordered, extra-hard phase whose contribution to one nanoparticle's net magnetic moment is negligible because of spin compensation; the magnetic field needed to align the frustrated magnetic moments in the dead layer is much higher than the maximum field used in the present measurements. The magnetic disorder of the dead layer arises from competition among magnetic energies (exchange, anisotropies) affected by the symmetry breaking at the boundary of the particle [4] ; as a consequence, such a layer is expected to continuously envelop a nanoparticle's core.
In the considered NC, the mean interparticle distance (about 25 nm, as deduced from Figure 1 , top center) is so large that dipolar interparticle interactions are almost completely negligible (the root mean square (r.m.s.) dipolar energy in this case being as small as
Therefore, this material can be viewed as containing basically non-interacting, individual NPs of known composition and shape. As a consequence, one should expect that above blocking temperature, the material is in the ideal superparamagnetic (SP) regime. This is not exactly the case, however, because of the small dipolar interactions existing among NPs, as proven by Figure 2 , where two scaling laws are compared: the standard SP scaling law, which applies to bona-fide SP systems (top left panel), and the ISP scaling law (top right panel), which applies to systems where the effects of dipolar interactions, although small, are not completely negligible [17, 39] . The abscissa in the top right panel is the ISP scaling parameter, whose expression has been discussed in detail elsewhere [40] ; here, M s is the saturation magnetization, k B is the Boltzmann's constant, N is the total number of particles per unit volume, and α is a constant measuring the dipolar energy.
The dipolar temperature T*, a quantity measuring the strength of the dipolar interaction in the ISP model, is very small in this case compared with other NP systems, as shown in Figure 2 (bottom panel, open blue symbols). This magnetic NC is basically in the SP regime (corresponding to T*/T < 1) above 20 K. Instead, the nanopowder has a much higher degree of interaction.
Quite interestingly, when the same magnetite NPs are inserted in the same polymeric matrix after being encapsulated into a diamagnetic shell of silica (SiO 2 ), the magnetic properties of the NC Appl. Sci. 2019, 9, 212 9 of 28 change remarkably. Particle coating with silica was done as follows: a dispersion of oleylamine-coated Fe 3 O 4 NPs in cyclohexane was added to cyclohexane and mixed with Igepal CO-520. The pH was adjusted to ∼ =10 through the addition of ammonium hydroxide and the formation of a transparent brown microemulsion was ensured with the aid of a sonicator. Then, tetraethoxysilane (TEOS) was added and the reaction was stirred at room temperature for 48 h. Subsequently, the reaction mixture was washed with ethanol and particles underwent different cycles of centrifugation and redispersion to remove the surfactant. Finally, silica particles containing magnetite NPs (Fe 3 O 4 @silica) were dried under vacuum. The average size of silica particles was 25.6 nm; TEM image analysis revealed that each silica shell hosts 3-4 magnetite NPs [11] . The appearance of the NC containing Fe3O4@silica NPs is shown in Figure 1 (top right). Although the hysteretic properties of this NC are generally similar to the ones measured in the NC hosting bare Fe3O4 NPs, both the coercive field at low temperatures and the fictive dipolar interaction temperature T* are much higher (Figures 1, bottom right and 2, bottom panel). This behavior is consistent with an increase in the interparticle interactions in the NC. It should be remarked that the T*/T curve of Fe3O4@silica nanopowder and of the associated NC is identical (Figure 2 , bottom panel), indicating that the strength of interaction among NPs is basically the same; in fact, the dominant interparticle interaction is the one among the magnetite NPs hosted by the same silica shell, while interaction among different silica particles is much smaller.
Both NCs containing almost unimodal, pure-Fe3O4 NPs (either bare or surrounded by the silica shell) are thus apt to be studied through a model, which applies to independent (non-interacting) magnetic units. In one case, these units are coincident with the bare NPs themselves; in the other case, the magnetic units are silica particles containing a small number of interacting magnetite NPs.
The model, based upon a rate-equation approach to ordering/disordering of double-well systems [27] , allows one to evaluate the size distribution p(D) of a system of non-interacting NPs starting from the ZFC curve:
where Keff is an effective magnetic anisotropy constant (considered to be temperature-independent over narrow temperature intervals); MZFC, M′ZFC are the ZFC curve and its derivative with respect to The appearance of the NC containing Fe 3 O 4 @silica NPs is shown in Figure 1 (top right). Although the hysteretic properties of this NC are generally similar to the ones measured in the NC hosting bare Fe 3 O 4 NPs, both the coercive field at low temperatures and the fictive dipolar interaction temperature T* are much higher (Figure 1 , bottom right and 2, bottom panel). This behavior is consistent with an increase in the interparticle interactions in the NC. It should be remarked that the T*/T curve of Fe 3 O 4 @silica nanopowder and of the associated NC is identical (Figure 2 , bottom panel), indicating that the strength of interaction among NPs is basically the same; in fact, the dominant interparticle interaction is the one among the magnetite NPs hosted by the same silica shell, while interaction among different silica particles is much smaller.
Both NCs containing almost unimodal, pure-Fe 3 O 4 NPs (either bare or surrounded by the silica shell) are thus apt to be studied through a model, which applies to independent (non-interacting) magnetic units. In one case, these units are coincident with the bare NPs themselves; in the other case, the magnetic units are silica particles containing a small number of interacting magnetite NPs.
where K eff is an effective magnetic anisotropy constant (considered to be temperature-independent over narrow temperature intervals); M ZFC , M ZFC are the ZFC curve and its derivative with respect to temperature; M s is the NP saturation magnetization; and H is the measurement field. An example of p(D) curves resulting from the application of Equation (1) to the experimental ZFC curves of both NCs (shown in Figure 3 , top panel) is given in the middle panel of Figure 3 .
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Anisotropic Magnetic Structures in Polymer Nanocomposites
NCs containing a fine, even dispersion of magnetic NPs, such as the ones discussed so far, are intrinsically isotropic. On the contrary, NCs exhibiting remarkable anisotropic magnetic properties can be obtained by means of magnetic field-assisted curing of precursor resins. Anisotropic magnetic properties are expedient, for example, in the realization of direction-sensitive magnetic sensors and devices [41] [42] [43] [44] .
A typical example consists of core-shell particles of titania (TiO 2 ) encompassing a large number of aggregate magnetite NPs, which are first dispersed in an epoxy monomer; subsequent curing under a strong inhomogeneous magnetic field produces stable chains constituted of magnetite-charged titania particles (Fe 3 O 4 @TiO 2 ) formed in the matrix by field-assisted self-assembly, and is responsible for a distinctly anisotropic magnetic behavior.
The TEM images of bare Fe 3 O 4 NPs and of a typical titania particle containing a number of magnetite NPs are given in Figure 4 (top panels). The mean size of bare magnetic NPs is in good agreement with the TEM data; instead, the mean volume of magnetic units in the Fe3O4@silica NC appears to be 3.6 times larger than the mean volume of bare Fe3O4 NPs. This is in very good agreement with the number of magnetite NPs per silica particle estimated from TEM image analysis (3-4 magnetite NPs). The p(V) curve shown in Figure 3 (bottom panel) is directly obtained from the p(D) function through the relation = → , which applies to spheroidal particles of diameter D and volume = .
A typical example consists of core-shell particles of titania (TiO2) encompassing a large number of aggregate magnetite NPs, which are first dispersed in an epoxy monomer; subsequent curing under a strong inhomogeneous magnetic field produces stable chains constituted of magnetitecharged titania particles (Fe3O4@TiO2) formed in the matrix by field-assisted self-assembly, and is responsible for a distinctly anisotropic magnetic behavior.
The TEM images of bare Fe3O4 NPs and of a typical titania particle containing a number of magnetite NPs are given in Figure 4 (top panels). NC slabs containing Fe 3 O 4 @TiO 2 particles obtained by applying a suitable magnetic field gradient show the formation of high-aspect ratio structure (micrometer-size chains aligned along the direction of the magnetic flux lines and along the short axis of the slab); here, we focus on a 0.5-mm thick sample kept adjacent to the magnet during the curing process (sample M; Figure 4 , bottom left). The exploited geometry ensures that the magnetic force on NPs is high throughout the slab. This NC displays a high chain length and density (Figure 4, bottom right) . In particular, the average chain length is estimated to be 70 µm.
According to a simple model, these chains can be thought of as prolate rotation ellipsoids made up of a large number of titania particles, each of them containing in turn a number of magnetite NPs with crystal axes at random with respect to the major ellipsoid's axis. The chain structure and substructure are depicted in Figure 5 . Contact interaction among NPs is neglected because they do not touch each other, being enveloped by the titania layer. Within each chain, titania particles self-assemble by effect of electrostatic and magnetostatic interactions under the strong magnetic force applied during the process of monomer curing; however, the irregular shape of titania particles (see Figure 4 , bottom right) implies that their degree of compaction is not very high, and the hosting polymer fills the interstices among a given titania particle and the adjacent ones. Therefore, a single chain is composed mostly of diamagnetic media, with a low overall magnetic fraction. A strong dipolar interaction is expected to arise among NPs treated as magnetic dipoles; the density of magnetic units is large enough to predict long-range directional magnetic order of NP moments sustained by dipolar interaction. As a result, each chain is characterized by a net global magnetization: the magnetic dipoles tend to align along the major axis of the ellipsoid when no field is applied and a demagnetizing field appears when the external field is applied along the ellipsoid's short axis. NC slabs containing Fe3O4@TiO2 particles obtained by applying a suitable magnetic field gradient show the formation of high-aspect ratio structure (micrometer-size chains aligned along the direction of the magnetic flux lines and along the short axis of the slab); here, we focus on a 0.5-mm thick sample kept adjacent to the magnet during the curing process (sample M; Figure 4 , bottom left). The exploited geometry ensures that the magnetic force on NPs is high throughout the slab. This NC displays a high chain length and density (Figure 4, bottom right) . In particular, the average chain length is estimated to be 70 μm.
According to a simple model, these chains can be thought of as prolate rotation ellipsoids made up of a large number of titania particles, each of them containing in turn a number of magnetite NPs with crystal axes at random with respect to the major ellipsoid's axis. The chain structure and substructure are depicted in Figure 5 . Contact interaction among NPs is neglected because they do not touch each other, being enveloped by the titania layer. Within each chain, titania particles selfassemble by effect of electrostatic and magnetostatic interactions under the strong magnetic force applied during the process of monomer curing; however, the irregular shape of titania particles (see Figure 4 , bottom right) implies that their degree of compaction is not very high, and the hosting polymer fills the interstices among a given titania particle and the adjacent ones. Therefore, a single chain is composed mostly of diamagnetic media, with a low overall magnetic fraction. A strong dipolar interaction is expected to arise among NPs treated as magnetic dipoles; the density of magnetic units is large enough to predict long-range directional magnetic order of NP moments sustained by dipolar interaction. As a result, each chain is characterized by a net global magnetization: the magnetic dipoles tend to align along the major axis of the ellipsoid when no field is applied and a demagnetizing field appears when the external field is applied along the ellipsoid's short axis. The anisotropic morphology of this NC is reflected in the anisotropy of its magnetic properties. For instance, the coercive field measured along directions parallel/perpendicular to the chains is shown in Figure 6 (top left) as a function of measurement temperature. Generally speaking, the The anisotropic morphology of this NC is reflected in the anisotropy of its magnetic properties. For instance, the coercive field measured along directions parallel/perpendicular to the chains is shown in Figure 6 (top left) as a function of measurement temperature. Generally speaking, the coercive field of hysteresis loops increases with decreasing temperature, as usual; however, it also depends on the direction of the applied field. The uncertainty on the Hc values being typically less than 1 Oe, the measured differences arise from a real effect. This anisotropy is simply explained by considering the effect of the demagnetizing field. As shown in Figure 6 (top right), when the loops measured (in this case, at T = 50 K) in the parallel and perpendicular field configuration are plotted (red and blue dotted curves, respectively), they are different, with the loop taken in the parallel configuration being steeper. However, when the data taken in the perpendicular configuration are plotted against the true field H true = H − H dem = H − 2πM(H) [41] , the curve (blue full symbols) becomes almost perfectly superimposed to the one obtained in the parallel configuration, and the difference between coercive fields vanishes. In the parallel configuration, the applied field is coincident with the true field, with H dem being negligible in this case. coercive field of hysteresis loops increases with decreasing temperature, as usual; however, it also depends on the direction of the applied field. The uncertainty on the Hc values being typically less than 1 Oe, the measured differences arise from a real effect. This anisotropy is simply explained by considering the effect of the demagnetizing field. As shown in Figure 6 (top right), when the loops measured (in this case, at T = 50 K) in the parallel and perpendicular field configuration are plotted (red and blue dotted curves, respectively), they are different, with the loop taken in the parallel configuration being steeper. However, when the data taken in the perpendicular configuration are plotted against the true field Htrue = H − Hdem = H − 2πM(H) [41] , the curve (blue full symbols) becomes almost perfectly superimposed to the one obtained in the parallel configuration, and the difference between coercive fields vanishes. In the parallel configuration, the applied field is coincident with the true field, with Hdem being negligible in this case. Anisotropic effects are also observed in FC/ZFC curves, as shown in Figure 6 (bottom left). Here, a magnetic field of 100 Oe was applied parallel and perpendicular to the chains; the resulting FC/ZFC curves are not only different in magnitude, but also in shape, as shown by the bottom right panel of Figure 6 .
Both ZFC curves display a broad maximum before merging with the FC curves. In both measuring configurations, the ZFC curve maxima are at Tmax = 160 K and the ZFC/FC curves merge at TMERG = 250 K. In the considered sample, the curves taken in the parallel configuration (i.e., along the short axis of the sample) are higher than the ones observed in the perpendicular configuration. The general features of FC/ZFC curves can only partially be explained by the spread in the NP size Anisotropic effects are also observed in FC/ZFC curves, as shown in Figure 6 (bottom left). Here, a magnetic field of 100 Oe was applied parallel and perpendicular to the chains; the resulting FC/ZFC curves are not only different in magnitude, but also in shape, as shown by the bottom right panel of Figure 6 .
Both ZFC curves display a broad maximum before merging with the FC curves. In both measuring configurations, the ZFC curve maxima are at T max = 160 K and the ZFC/FC curves merge at T MERG = 250 K. In the considered sample, the curves taken in the parallel configuration (i.e., along the short axis of the sample) are higher than the ones observed in the perpendicular configuration. The general features of FC/ZFC curves can only partially be explained by the spread in the NP size determined through TEM image analysis, and probably also arise from dipolar interparticle interactions. Note that the ZFC curve is closer to the corresponding FC when the field is applied perpendicular to the chains.
This anisotropic behavior has been explained by a model that takes into account the role of chain shape anisotropy (a mesoscopic effect) in determining the choice of the easy axis of local crystal anisotropy (a nanoscale effect), along which the magnetization of each NP blocks on cooling in the absence of a magnetic field. Shape anisotropy, favoring dipole alignment along the major axis of the chains, is responsible for the directional dependence of the ZFC curve, which becomes closer to the corresponding FC curve when the measurement configuration is perpendicular.
The magnetic behavior of this NC implies that the elongated chains present in the sample basically behave as individual magnetic entities at the mesoscale; their behavior originates from the embedded magnetite NPs whose magnetic moments interact at the nanoscale. As in macroscopic magnetic bodies, dipolar magnetic interaction provides the link between nanoscale and mesoscale magnetic properties.
Ceramic Nanocomposites
Magnetic metal-ceramic nanocomposites, consisting of a dispersion of transition metal (TM = Fe, Co, Ni) nanoparticles into a ceramic matrix, are being actively studied in view of a variety of applications associated with their porous structure, ranging from environmental issues (e.g., water remediation [45] [46] [47] , treatment of pollutants [48] [49] [50] [51] [52] ) to catalysis [53] [54] [55] [56] and biomedicine [57, 58] ).
The magnetic nanocomposites whose magnetic behavior is reviewed in this work were obtained from zeolite precursors by means of a smart and scalable process [14, [59] [60] [61] . Through such a patented process, the final products are obtained by thermal treatment under reducing atmosphere of commercial zeolites (precursors) loaded with TM ions. Treatment temperatures are relatively moderate, as discussed below. During thermal treatment, the starting zeolite structure is almost totally degraded, and the final product of the process is an NC material that contains metallic TM NPs (with sizes ranging from few nanometers or tenths of nanometers) evenly dispersed in a mostly amorphous silica and alumina matrix. This NC is almost completely devoid of the features of the parent zeolite from which it originated; however, it exhibits an irregular residual porosity, associated with the starting zeolite precursor, which can be exploited for a number of applications including water remediation [62] and DNA adsorption and separation [63] . Nanocomposites studied in the literature [14, [59] [60] [61] [62] [63] exhibit magnetic properties [64] owing to the presence therein of Fe 0 , Co 0 , or Ni 0 ferromagnetic nanoparticles deriving from Fe 2+ , Co 2+ , or Ni 2+ reduction, respectively.
The steps of the preparation process can be summarized as follows: the parent zeolite is first contacted with a solution containing the selected TM ions at a low temperature for a suitable time; the solid is separated from the liquid through filtration and contacted anew with a fresh solution; the above procedure is iterated in order to control the exchange between TM and the cation(s) originally present in the zeolite. Cation-exchange operations are described in the literature [65] [66] [67] . Subsequently, the powders are heated from room temperature up to the target temperature (typically ranging between 600 • C and 850 • C) under a reducing atmosphere (created by a flow of a 2% vol. H 2 gaseous mixture with Ar) and are either kept at that temperature for a selected time, or immediately cooled down within the furnace to room temperature. During such thermal treatments under a reducing atmosphere, the following phenomena are known to occur [68, 69] :
(1) Reduction of the TM cation to 0 oxidation number with possible structural damage of the zeolite framework. (2) Migration of the new formed metallic atoms to form metallic clusters located into the cavities of the microporous zeolite structure.
(3) Migration of the new formed metallic atoms out of the cavities and channels present in the microporous zeolite structure to form metallic particles located on the outer surface of zeolite grains. (4) Thermal collapse of the microporous zeolite structure. (5) Possible crystallization of ceramic structures.
It must be evidenced that it is not said that these phenomena occur in the reported order as they may superimpose each other.
As is evident from the short description of the smart and scalable process used, the proposed technique of production of magnetic nanocomposites is very simple and cheap. Despite this, our technique allows strict control of the structure and texture of the nanocomposites by simply operating on a number of key parameters. Such strict control results in a careful tuning of their technological properties. The main key parameters are reported hereafter together with a short explanation of how they work:
(1) The type of the parent zeolite. This strongly affects both the features of the ceramic matrix and the number, dimension, distribution, and morphology of magnetic metal nanoparticles. In actual fact, different zeolites exhibit different Si/Al ratios, frameworks, and cation locations. It is evident that the Si/Al ratio affects the ceramic matrix, whereas the cation location in the framework of the zeolite affects the features of the TM magnetic nanoparticles as they arise from the migration of the newly formed TM atoms from their original cation sites. (2) Cation exchange procedure. Through cation exchange, different TM cations (also more than one contemporaneously) may be introduced in the zeolite framework to a various extent, which affects the magnetic metal(s) nanoparticles. Moreover, through cation exchange as well as alkaline-earth cations (e.g., Ba 2+ and Sr 2+ ) may be introduced into the zeolite framework, thus giving rise to ceramic phases, which modify the features of the ceramic matrix [70, 71] . (3) The temperature and time of the thermal treatment under the reducing atmosphere. These affect the extent to which the reduction of TM cation(s) to 0 oxidation number and the thermal collapse of the zeolite framework occur. Moreover, the migration of the newly formed TM atoms and, therefore, the dimension and morphology of the magnetic nanoparticles, are also strongly dependent on these key parameters.
It must be noted that this simple and cheap process appears to be strongly related to a peculiarity of zeolites. In actual fact, it is well known that cations are bound to the zeolite framework by ionic bonds weakened by the action of zeolitic water acting as a dielectric medium [72, 73] . The thermal treatments at relatively moderate temperatures (600-850 • C), under a reducing atmosphere, to which the TM-exchanged zeolites are subjected, are able to reduce the TM cations only on account of such peculiarity. Thus, other different classes of ceramic functional materials do not seem, at least at a first sight, as likely precursors for metal-ceramic nanocomposites.
Typical values of static magnetic quantities measured in ceramic nanocomposites are reported in Table 1 (bottom).
Ceramic Nanocomposites Containing CoFe
The details of the thermal treatment and the choice of the transition metal ions are critical to the realization of a properly tailored NC material. Evidence of this is given by the study of NCs obtained by loading the parent zeolite with a mixture of two different magnetic metal ions, such as Fe 2+ and Co 2+ . These metal-ceramic nanocomposites were obtained as follows: a sample of commercial zeolite A was contacted with a [Co 2+ ] = 0.1 M aqueous solution for 3 h at solid/liquid ratio 1/50, under continuous stirring. The solid was separated from the liquid through filtration and these operations were iterated seven times. Then, the solid was washed with distilled water and came into contact twice with a [Fe 2+ ] = 0.1 M aqueous solution for 40 min at solid/liquid ratio 1/50, under continuous stirring. This sample of (Co-Fe)-exchanged zeolite A contained Fe 2+ 7.2 and Co 2+ 14.8 wt. %. Finally, two different aliquots of the (Co-Fe)-exchanged zeolite A were thermally treated for 2 h (10 • C/min heating rate) at 750 and 800 • C under a reducing atmosphere created by a flow H 2 -Ar gaseous mixture (2 vol.% H 2 ). The room temperature hysteresis loops of the resulting metal-ceramic nanocomposites are shown in the left panel of Figure 7 . Note the enlarged scale used to enhance the low-field details; of course, the magnetization curves are fully saturated at H = 17 kOe. The saturation magnetization of the whole sample (including the diamagnetic host) is 1.14 and 0.71 emu/g (the higher value corresponding to the sample treated at the lower temperature).
by loading the parent zeolite with a mixture of two different magnetic metal ions, such as Fe 2+ and Co 2+ . These metal-ceramic nanocomposites were obtained as follows: a sample of commercial zeolite A was contacted with a [Co 2+ ] = 0.1 M aqueous solution for 3 h at solid/liquid ratio 1/50, under continuous stirring. The solid was separated from the liquid through filtration and these operations were iterated seven times. Then, the solid was washed with distilled water and came into contact twice with a [Fe 2+ ] = 0.1 M aqueous solution for 40 min at solid/liquid ratio 1/50, under continuous stirring. This sample of (Co-Fe)-exchanged zeolite A contained Fe 2+ 7.2 and Co 2+ 14.8 wt. %. Finally, two different aliquots of the (Co-Fe)-exchanged zeolite A were thermally treated for 2 h (10 °C/min heating rate) at 750 and 800 °C under a reducing atmosphere created by a flow H2-Ar gaseous mixture (2 vol.% H2). The room temperature hysteresis loops of the resulting metal-ceramic nanocomposites are shown in the left panel of Figure 7 . Note the enlarged scale used to enhance the low-field details; of course, the magnetization curves are fully saturated at H = 17 kOe. The saturation magnetization of the whole sample (including the diamagnetic host) is 1.14 and 0.71 emu/g (the higher value corresponding to the sample treated at the lower temperature). The remarkable differences between loops include a generally steeper, more regular loop and a smaller coercive field in sample CoFeA800C-2 h when compared with the other sample. In fact, The remarkable differences between loops include a generally steeper, more regular loop and a smaller coercive field in sample CoFeA800C-2 h when compared with the other sample. In fact, sample CoFeA750C-2 h displays a notably asymmetric shape, which is better observed looking at the susceptibility curves Figure 7, right panel) . In the latter sample, the loop slope suddenly changes around H = 0 on both loop branches. This is usually the hallmark of a biphasic magnetic system, that is, a system containing two phases with different magnetic anisotropy; it is suggested that in these material Fe-rich and Co-rich NPs are simultaneously present, with the change in slope of the M(H) curve being related to the interplay of the different anisotropy constants of the transition metals. However, an increase of 50 K in the treatment temperature is enough to generate a magnetically more homogeneous NP system. It is suggested that in this case, most of the metallic NPs contain a Co-Fe alloy.
Ceramic Nanocomposites Containing Fe
In order to avoid interpretation problems arising from compositional inhomogeneity of NPs, single TM species can be used to load the precursor zeolite. The room temperature loops of four metal-ceramic NCs obtained by applying different thermal treatments and exchange processes to an A zeolite loaded with Fe 2+ ions are shown in Figure 8 .
These metal-ceramic nanocomposites were obtained as previously described for nanocomposites bearing Co and Fe. In particular, the samples shown in the left-side panel of Figure 8 were obtained by eight iterations the exchange of Na + ions with Fe 2+ ions [63] ; despite the high number of iterations, the exchange of TM ions for Na + did not reach completion; on the contrary, the samples in the right-side panel were obtained by implementing an exchange of NH 4 + for Na + first, followed by the exchange of Fe 2+ for NH 4 + and the residual Na + , resulting in a more complete substitution of non-magnetic ions with magnetic ions [62] . The shape and hysteretic properties of the loops measured on samples FeA750C-2 h (obtained by keeping the parent materials at 750 • C for two hours [63] ) and FeA800C-0 min (obtained by heating the parent materials up to 800 • C with subsequent immediate cooling [63] ) are typical of a magnetization process involving both magnetization rotation and domain-wall motion, usually observed in Fe particles with a size of several tens of nanometers, which are in a magnetic multi-domain state. The coercive field is of the order of 170 Oe in both samples. Sample FeA800C-0 min displays a much weaker magnetic signal and clear unsaturating behavior of the M(H) curve at high fields. Such behavior can be explained by the presence of very small iron NPs or clusters, although the contribution of a paramagnetic signal (either from isolated Fe ions or from a compound such as fayalite, Fe 2 SiO 4 ) cannot be excluded. This implies that a non-negligible fraction of the starting TM ions has not completely coalesced to form zerovalent Fe NPs. The same effect is observed in all other samples, although the efficiency of the TM ion exchange is generally improved by adding the preliminary NH 4 + exchange. The different amount and morphology of the magnetic phases present in the final products result in a very different magnetic behavior, as shown in Figure 8 , right panel [62] . The NC (Fe,H)A600C-90 min exhibits an overall magnetic response stronger than (Fe,H)A800C-0 min, as expected from the estimated amounts of ferro/ferrimagnetic phases present there (magnetite = 7.1 and metallic Fe = 4.8 wt.% in the former sample; magnetite = 5.4 and metallic Fe = 0.2 wt.% in the latter). The NC (Fe,H)A800C-0 min, particularly rich in magnetite, has a coercivity typical of Fe 3 O 4 NPs ( ∼ =45 Oe), while the coercive field of magnetic NC (Fe,H)A600C-90 min (H c ∼ = 375 Oe) is fully compatible with the presence of higher-anisotropy NPs of metallic Fe. Once again, it is found that although the process is effective in producing zerovalent Fe NPs dispersed in the ceramic matrix, a fraction of the starting TM ions is not included and either takes part in magnetic compounds or remains dissolved in the host.
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In order to avoid interpretation problems arising from compositional inhomogeneity of NPs, single TM species can be used to load the precursor zeolite. The room temperature loops of four metal-ceramic NCs obtained by applying different thermal treatments and exchange processes to an A zeolite loaded with Fe 2+ ions are shown in Figure 8 . These metal-ceramic nanocomposites were obtained as previously described for nanocomposites bearing Co and Fe. In particular, the samples shown in the left-side panel of Figure  8 were obtained by eight iterations the exchange of Na + ions with Fe 2+ ions [63] ; despite the high number of iterations, the exchange of TM ions for Na + did not reach completion; on the contrary, the samples in the right-side panel were obtained by implementing an exchange of NH4 + for Na + first, followed by the exchange of Fe 2+ for NH4 + and the residual Na + , resulting in a more complete substitution of non-magnetic ions with magnetic ions [62] . The shape and hysteretic properties of the loops measured on samples FeA750C-2 h (obtained by keeping the parent materials at 750 °C for two hours [63] ) and FeA800C-0 min (obtained by heating the parent materials up to 800 °C with subsequent immediate cooling [63] ) are typical of a magnetization process involving both magnetization rotation and domain-wall motion, usually observed in Fe particles with a size of several tens of nanometers, which are in a magnetic multi-domain state. The coercive field is of the order of 170 Oe in both samples. Sample FeA800C-0 min displays a much weaker magnetic signal and clear unsaturating behavior of the M(H) curve at high fields. Such behavior can be explained by the presence of very small iron NPs or clusters, although the contribution of a paramagnetic signal (either from isolated Fe ions or from a compound such as fayalite, Fe2SiO4) cannot be excluded. This implies that a non-negligible fraction of the starting TM ions has not completely coalesced to form zerovalent Fe NPs. The same effect is observed in all other samples, although the efficiency of the TM In spite of such an incomplete transformation, the magnetic properties of the considered Fe NCs are compatible with usage in practical applications; these materials have been successfully exploited in water remediation [62] and DNA separation [63] , as shown in Figure 9 .
The sorption isotherm of simazine on (Fe,H)A800C-0 min and (Fe,H)A600C-90 min samples is reported in Figure 9 (left), with other competing materials (zeolite H-Y and micro-and meso-porous silica SiO2(II)400) being included for comparison. The simazine concentration in the practice of water remediation from agrochemicals is typically in the range 9-10 µmol/L to below a law limit of 0.25 µmol/L [74, 75] ; in such a concentration range, the adsorption isotherm of magnetic adsorbents (Fe,H)A800C-0 min and (Fe,H)A600C-90 min lies far above those of both silica sample SiO2(II)400 and zeolite H-Y, thus certifying their higher efficiency in the simazine adsorption process.
Standard DNA adsorption isotherms using samples FeA800C-0 min and FeA750C-2 h are illustrated in Figure 9 (right). Both samples exhibit a sufficient magnetic response, allowing an easy separation of the solid adsorbent from the supernatant liquid by exposition to an external magnet. Considering the porosity and adsorption behavior of the final products, sample FeA800C-0 min, although characterized by a weaker magnetic signal, exhibits a far higher surface area than sample FeA750C-2 h, which explains the better performance in DNA adsorption in the former sample. From this viewpoint, the thermal treatment used to obtain sample FeA800C-0 min generates a more suitable NC than the treatment used to obtain sample FeA750C-2 h.
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Standard DNA adsorption isotherms using samples FeA800C-0 min and FeA750C-2 h are illustrated in Figure 9 (right). Both samples exhibit a sufficient magnetic response, allowing an easy separation of the solid adsorbent from the supernatant liquid by exposition to an external magnet. Considering the porosity and adsorption behavior of the final products, sample FeA800C-0 min, although characterized by a weaker magnetic signal, exhibits a far higher surface area than sample FeA750C-2 h, which explains the better performance in DNA adsorption in the former sample. From this viewpoint, the thermal treatment used to obtain sample FeA800C-0 min generates a more suitable NC than the treatment used to obtain sample FeA750C-2 h. 
Ceramic Nanocomposites Containing Ni
The interplay between NPs containing a zerovalent TM and residual TM ions still present in the ceramic matrix has been elucidated through a detailed investigation of Ni 2+ exchanged A/X zeolites, which can be considered a study case for the general understanding of the magnetic behavior of this 
The interplay between NPs containing a zerovalent TM and residual TM ions still present in the ceramic matrix has been elucidated through a detailed investigation of Ni 2+ exchanged A/X zeolites, which can be considered a study case for the general understanding of the magnetic behavior of this class of nanomaterials [14] . The complex sequence of operations implemented to obtain the magnetic NCs is shown in Figure 10 ; the NCs are the result of a variety of cation exchange procedures and thermal treatments.
Three representative TEM images of the ceramic NCs are shown in Figures 11-13 ; these images clearly show the presence of a large fraction of Ni NPs; the corresponding particle size distributions are also reported.
The nanoparticulate phase of these NCs is dominated by Ni 0 particles, although a little fraction of HNi 2 particles has also been detected (in A zeolite-derived materials only, see Figure 10 ). The room temperature saturation magnetization is observed to linearly increase with the total content of Ni in the nanoparticulate phase, as shown in Figure 14 .
However, a study of the magnetic response of these NCs as a function of temperature down to T = 2 K clearly indicates that a non-negligible fraction of Ni does not belong to the nanoparticulate phase. This can be easily understood by examining the changes taking place in the shape of the hysteresis loops of the entire family of NCs when the temperature is lowered; for the sake of simplicity, one representative example of a sample not containing HNi 2 compound (see Figure 10 ) (sample NiX735C-12 min) will be discussed here. The hysteresis loops are shown in Figure 15 ; the upper/lower insets show the high-field magnetization as a function of temperature and some loops in the low field region, respectively.
A strong non-ferromagnetic signal is observed to increasingly emerge with lowering of the temperature; this signal adds to the saturating behavior of the M(H) curve that dominates above 250 K. Such an effect is reflected by the temperature behavior of the high-field magnetization M 70kOe shown in the inset Figure 15 . The non-saturating contribution to M(H) is linear above 30 K, but a downward curvature appears below this temperature. An accurate estimate of the non-saturating (paramagnetic) fraction is based on the analysis of the curves reported in Figure 15 and is supported by QPA (quantitative phase analysis) of powder diffraction patterns under synchrotron radiation [64] ; in this material, the paramagnetic fraction turns out to be as high as 46% of the total loaded Ni.
The FC/ZFC curve measured in sample NiX735C-12 min is shown in the left panel of Figure 16 (top left).
The two curves become separate at exactly room temperature, indicating that the blocking temperature of zerovalent Ni NPs is well above room temperature [27] ; see Table 1 . The FC/ZFC curves are almost featureless over nearly the whole examined temperature range (i.e., above 20 K), with the FC curve being almost flat and the ZFC magnetization increasing almost linearly with T. The rate-equation model developed to evaluate the size distribution p(D) of a system of non-interacting NPs starting from the ZFC curve can be tentatively applied even in this case, although the density of NPs indicates that they must be somewhat interacting. Applying Equation (1) to the ZFC curve of Figure 16 class of nanomaterials [14] . The complex sequence of operations implemented to obtain the magnetic NCs is shown in Figure 10 ; the NCs are the result of a variety of cation exchange procedures and thermal treatments. The nanoparticulate phase of these NCs is dominated by Ni 0 particles, although a little fraction of HNi2 particles has also been detected (in A zeolite-derived materials only, see Figure 10 ). The room temperature saturation magnetization is observed to linearly increase with the total content of Ni in the nanoparticulate phase, as shown in Figure 14 . However, a study of the magnetic response of these NCs as a function of temperature down to T = 2 K clearly indicates that a non-negligible fraction of Ni does not belong to the nanoparticulate phase. This can be easily understood by examining the changes taking place in the shape of the hysteresis loops of the entire family of NCs when the temperature is lowered; for the sake of simplicity, one representative example of a sample not containing HNi2 compound (see Figure 10 ) (sample NiX735C-12 min) will be discussed here. The hysteresis loops are shown in Figure 15 ; the upper/lower insets show the high-field magnetization as a function of temperature and some loops in the low field region, respectively. High-field magnetic susceptibility measurements were performed on sample NiX735C-12 min to identify the non-ferromagnetic phase in these NCs. The linear behavior of the reciprocal high-field susceptibility T curve above 50 K and the shallow minimum in the χ HF T curve, followed by an increase at lower temperatures [76] [77] [78] , indicate that the interaction among paramagnetic ions is basically ferrimagnetic. However, a study of the magnetic response of these NCs as a function of temperature down to T = 2 K clearly indicates that a non-negligible fraction of Ni does not belong to the nanoparticulate phase. This can be easily understood by examining the changes taking place in the shape of the hysteresis loops of the entire family of NCs when the temperature is lowered; for the sake of simplicity, one representative example of a sample not containing HNi2 compound (see Figure 10 ) (sample NiX735C-12 min) will be discussed here. The hysteresis loops are shown in Figure 15 ; the upper/lower insets show the high-field magnetization as a function of temperature and some loops in the low field region, respectively. A strong non-ferromagnetic signal is observed to increasingly emerge with lowering of the temperature; this signal adds to the saturating behavior of the M(H) curve that dominates above 250 K. Such an effect is reflected by the temperature behavior of the high-field magnetization M70kOe shown in the inset Figure 15 . The non-saturating contribution to M(H) is linear above 30 K, but a downward curvature appears below this temperature. An accurate estimate of the non-saturating (paramagnetic) fraction is based on the analysis of the curves reported in Figure 15 and is supported by QPA (quantitative phase analysis) of powder diffraction patterns under synchrotron radiation [64] ; in this material, the paramagnetic fraction turns out to be as high as 46% of the total loaded Ni. The FC/ZFC curve measured in sample NiX735C-12 min is shown in the left panel of Figure 16 (top left). The two curves become separate at exactly room temperature, indicating that the blocking temperature of zerovalent Ni NPs is well above room temperature [27] ; see Table 1 . The FC/ZFC curves are almost featureless over nearly the whole examined temperature range (i.e., above 20 K), with the FC curve being almost flat and the ZFC magnetization increasing almost linearly with T. The rate-equation model developed to evaluate the size distribution p(D) of a system of noninteracting NPs starting from the ZFC curve can be tentatively applied even in this case, although the Further information comes from the analysis of the low-temperature anomaly of FC/ZFC curves, as shown in Figure 16 (bottom left): a monotonic increase and a bump of the magnetization are superimposed to the featureless FC and ZFC curves, respectively. The effect can be singled out by extrapolating the FC/ZFC curves down to a low temperature, as shown by the dashed lines in the bottom left panel of Figure 16 , and by subtracting this baseline from the experimental data, as shown in the bottom right panel of Figure 16 . Although the peak in the ZFC curve is not perfectly defined because of the extremely low temperature range where the effect develops, the very same behavior is observed in all samples [64] , indicating that the maximum of the ZFC curve is not an artifact.
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The low-temperature structure of FC/ZFC curves indicates some blocking effect at a temperature TB of the order of 4 K in sample NIX735C-12 min. The magnetic nanostructures that undergo this blocking cannot be the zerovalent Ni NPs, which have a blocking temperature above 300 K. As a consequence, we infer that at low temperatures, the interaction among individual Ni 2+ ions shown by the χHF −1 and χHFT curves (Figure 17 ) results in the formation of ferrimagnetic-like clusters of interacting Ni 2+ ions whose magnetic moments are thought to be collectively responding to the magnetic field; cluster moments undergo blocking in the temperature range 3-4.5 K, depending on the sample.
This complete magnetic study shows that NCs produced from Ni-loaded precursor A/X zeolites contain two magnetic phases. Firstly, at room temperature, the dominant magnetic signal comes from the nanoparticulate phase mostly comprised of Ni 0 and-to a much lesser extent-HNi2 NPs and is characterized by a saturating magnetization loop. Secondly, at lower temperatures, the contribution from a non-negligible fraction of dispersed Ni 2+ ions begins to play a role, exhibiting a complex behavior, that is, the pure paramagnetic response observed at high temperatures is modified by interactions among ionic moments, which result in the appearance below ca. 20 K of ferrimagneticlike ionic clusters, which become the low temperature individual ordering units and which undergo individual blocking below 5 K. The low-temperature structure of FC/ZFC curves indicates some blocking effect at a temperature T B of the order of 4 K in sample NIX735C-12 min. The magnetic nanostructures that undergo this blocking cannot be the zerovalent Ni NPs, which have a blocking temperature above 300 K. As a consequence, we infer that at low temperatures, the interaction among individual Ni 2+ ions shown by the χ HF −1 and χ HF T curves ( Figure 17 ) results in the formation of ferrimagnetic-like clusters of interacting Ni 2+ ions whose magnetic moments are thought to be collectively responding to the magnetic field; cluster moments undergo blocking in the temperature range 3-4.5 K, depending on the sample. This complete magnetic study shows that NCs produced from Ni-loaded precursor A/X zeolites contain two magnetic phases. Firstly, at room temperature, the dominant magnetic signal comes from the nanoparticulate phase mostly comprised of Ni 0 and-to a much lesser extent-HNi 2 NPs and is characterized by a saturating magnetization loop. Secondly, at lower temperatures, the contribution from a non-negligible fraction of dispersed Ni 2+ ions begins to play a role, exhibiting a complex behavior, that is, the pure paramagnetic response observed at high temperatures is modified by interactions among ionic moments, which result in the appearance below ca. 20 K of ferrimagnetic-like ionic clusters, which become the low temperature individual ordering units and which undergo individual blocking below 5 K.
Conclusions
The magnetic properties of several NCs obtained by a variety of preparation techniques and containing nanoparticles composed of different transition metals or compounds have been reviewed. It has been shown that the magnetic behavior of these materials critically depends on NP size distribution, interaction, and degree of aggregation. In diluted samples, the magnetic properties can be described in terms of non-interacting or weakly interacting NPs; in more concentrated samples, dipolar interaction can lead to the formation of mesoscopic structures comprised of a number of NPs and behaving as single magnetic units; this effect is responsible for a remarkable anisotropic behavior of the NC. In NCs produced starting from TM-exchanged zeolites, NPs with sizes in the 10-20 nm range and much smaller magnetic units coexist in the ceramic matrix; such magnetic units can either be single transition-metal ions or ion clusters. The presence of two magnetic phases is best shown by low temperature measurements.
As a general rule, a sound interpretation of the magnetic properties of a given NC cannot be done without simultaneously considering the effects of composition, structure, and morphology; often, the complex magnetic behavior of a NC material can only be explained by doing measurements over a wide range of temperatures and by making use of precise, well-assessed structural and morphological data.
Precise tailoring of the magnetic properties of an NC material for a particular application is made difficult by the number of physical and chemical parameters (often ill-defined), which play a role in the various steps of the preparation process. However, in spite of the problems still concerning precise control and efficient optimization of the magnetic NPs dispersed in the host matrix, the interest of the scientific community towards magnetic NCs remains very high because of the many new opportunities these functional materials have given in high-impact areas of modern science and technology, as proven by the examples of applications to environmental and biochemical issues highlighted in this paper. Funding: This research received no external funding.
